The effect of illumination on the incorporation of labeled precursors into RNA of dark-grown maize (Zea niays) leaves was studied using either 3P-phosphate or double labeling with "4C-and 3H-uridine. In the dark, label was preferentially incorporated into etioplast ribosomal RNAs. Incorporation into this fraction and into lower molecular weight fractions was strongly and preferentially stimulated by light during the first 2 hours of illumination. The effect persisted after illumination was terminated. The possibility that light-induced alterations in plastid ribosomal RNA metabolism may not be required for chlorophyll accumulation in maize is discussed.
Seedlings of angiosperms growing in complete darkness develop only immature chloroplasts which contain a small amount of protochlorophyllide but lack chlorophyll and many other components of the photosynthetic apparatus. Immediately upon illumination the protochlorophyllide is reduced to chlorophyllide, and the membranous elements of the prolamellar body are rearranged. Soon afterwards additional chlorophyll is produced and a number of plastid enzymes including RNA polymerase increase in activity. These changes are not all controlled by a single mechanism because the production of chlorophyll, for example, ceases soon after illuminated plants are returned to darkness but some other activities increase at accelerated rates even after illumination ceases. The role of light in regulating the various events which occur during greening is not understood although some segments of the processes have been described and studied in detail (3, 5, 6, 22) .
Investigations with inhibitors have suggested that continuous protein and DNA-dependent/RNA synthesis are required for at least some of the processes in the development of plastids in higher plants and in Euglena (2, 7, 12. 16, 31. 33 ). Certain 1This work was supported in part by a Grant GM-14991 from the National Institutes of General Medical Sciences and also in part of the Maria Moors Cabot Foundation of Harvard University. 2 Present address: Department of Botany. The Hebrew University, Jerusalem, Israel. similarities between the mechanisms underlying greening and the induction of enzyme systems in bacteria have been pointed out (5, 17, 22) . It has been suggested, for example, that light might act by somehow stimulating the production of specific types of informational RNA (5, 16, 17, 22) . However, experimental evidence to support this possibility is lacking.
This report is concerned with an examination of the effect of relatively brief periods of illumination on RNA metabolism in etiolated maize leaves. We tried to find out which RNA species are affected by illumination during the early stages of the greening process.
In order to avoid some of the possible difficulties involving radioactive tracers in work of this sort we have chosen to use the double-labeling technique (39) in some experiments. In this procedure an "internal control" is included in every analysis thereby minimizing errors which might be introduced by differential contamination with microorganisms, sampling, reproducibility of analytical procedures and different levels of RNase activity.
MATERIALS AND METHODS
Maize (Zea mays) seeds (WF 9 X B 37 -F1 single cross, Illinois Foundation Seeds, Inc.) were soaked for 1 day before planting and grown in vermiculite in the dark for 9 to 10 days at 27 C.
Application of Isotopes, Preparation of Subceliular Fractions, and Isolation of Ribosomes. Leaves were harvested under a green safelight, and their cut bases were put into isotope solutions in small tubes. The leaves were placed in front of a fan to accelerate uptake of the isotope. Uptake in the dark usually required 1 to 1.5 hr. Plants were then either transferred to white fluorescent light (400-500 ft-c) or kept in the dark. At the end of treatment, the leaves were frozen in liquid N2 in the dark and were ground in a mortar and pestle with 0.5 ml of 0.5 M sucrose, 0.1 M tris-HCl buffer pH 7.6 containing 25 mM MgCl2 and 2 mm spermidine per gram of fresh weight of leaves, and the homogenate was filtered through muslin. The filtrate was centrifuged at 300g for 7 min, the precipitate was discarded, and the supernatant was centrifuged at 10OOg for 15 min. The precipitate of plastid fragments (designated as "plastids") was suspended in 5% Triton X-100 in 0.2 M sucrose in the above buffer. After standing for 10 min in the cold, the suspension was centrifuged at 10,000g for 20 min, and the supernatant was layered over 1 M sucrose-TMSp buffer (0.1 M tris-HCl, pH 7.6. 5 mm MgCl2, and 1 mM spermidine) and centrifuged in a Spinco L2-65B type 65 rotor at 63.000 rpm for 2 hr. The precipitate was suspended in a small volume of 0.5% deoxycholate in TMSp, and the suspension was clarified by centrifugation at 10,000g for 10 min. RNA was estimated spectrophotometrically. and the approvriate amount of ribosome suspension (e.g.. 500-1000 ,ug RNA in LIGHT AND RNA METABOLISM SW 27 tubes) was layered onto each sucrose gradient. To prepare "total" ribosomes (a mixture of plastid + cytoplasmic) the supernatant resulting from the initial centrifugation at300g was brought to 5% Triton, kept in the cold for 10 min, and ribosomes were isolated as described.
For the double labeling experiments, 'H-uridine solutions were brought to the specific radioactivity of the uridine-2-14C solution (usually 55 mc/mmole) with nonradioactive uridine and sterile distilled water. The treatment procedures and conditions using double labeling with uridine was essentially as described above. Leaves were placed in solutions of either 'Huridine (u) or uridine-2-14C of identical specific radioactivity.
After a period of uptake in the dark, the leaves given one of the isotopes were illuminated while the other batch was kept in the dark. At the end of illumination, the two samples were weighed and combined for processing. In many cases mixed "dark-'H-uridine/dark-14C-uridine" sets were processed to obtain baseline ratios. Sucrose Density Gradient Analysis. Ten to 34% or 10 to 48% w/v linear sucrose gradients in TMSp were used for analysis of ribosomes. For extracted RNA, 5 to 20% gradients were used.
When RNA extracted from ribosomes with SDS3 was analyzed, the gradients were made with 10 mm tris, pH 7.4, 0.1 M NaCl, 0.5% SDS. Phenol-extracted RNA was centrifuged in sucrose gradients prepared from 50 mm tris, pH 7.6, 0.1 M NaCl, 2 ,ig/ml polyvinyl sulfate. Convex exponential sucrose gradients were prepared according to Noll (29) .
The gradients were run in a Spinco L2-65B centrifuge in a SW 39, 40, or 27 rotor. After centrifugation, the bottom of the tube was pierced and the gradient pumped through a spectrophotometer flow cell (Helma Cells, Inc. No. 134 QS).
The absorbance at 260 nm was recorded using a Gilford 2000 recording spectrophotometer with a cooling system attached to the cuvette chamber.
Liquid Scintillation Counting. Carrier-free 'P-orthophosphate (New England Nuclear) and uridine-2-"C and uridine-3H
(u) (from Schwarz BioResearch, Inc.) were used in the experiments. Samples were prepared for counting by one of two methods: Filter paper disc method. Aliquots (0.1-0.25 ml) of fractions were put on Whatman 3 MM filter paper discs, dried in a stream of hot air, and dropped into ice cold 10% trichloroacetic acid (containing 10 mM KH2PO, in experiments using 32P) and left overnight at 0 C. The discs were then processed by Bollum's (10) method. The washed discs were put into scintillation vials, dried, and 15 ml of scintillation liquid (5 g of 2, 5-diphenyl oxazole and 0.1 g of 1, 4-bis-(4-methyl-5-phenyloxazolyl)-benzene in 1 liter of toluene) was added, and the radioactivity was determined in a Packard scintillation spectrometer Model 3375.
CTAB-glass fiber filter method. The procedure of Trewavas (38) was employed using Whatman CF/A glass fiber filters.
Absolute activities of 'H and "4C in each sample and their ratio were calculated from efficiency calibration curves, prepared with a set of quenched standards.
Extraction of RNA. 3P-labeled RNA was extracted from pellets of isolated ribosomes by suspending them in 1% SDS in 5 mM tris-HCl, pH 7.4, 10 mm NaCl. The extracts were immediately analyzed in sucrose gradients containing SDS. RNA was extracted from cell extracts or from subcellular fractions by phenol, by a slight modification of the method described by DiGirolamo et al. (13) . and Hershey (24) . The fractions were prepared for counting according to Trewavas (38 60 min on the incorporation of radioactive uridine into maize leaf ribosomes using double labeling. 3H-Uridine (U) (7.5 ,uc) or 6.0 uc uridine-2-14C were taken up by 5-g samples of etiolated 10-day-old maize leaves. Seventy min uptake in the dark was followed by 60 min in light or darkness. Leaves treated with 3H-uridine were combined with the appropriate sample which received 1`C-uridine before isolation of ribosomes. Ribosomes ("plastids + supernatant") were analyzed on 10 to 34% sucrose gradients using a SW 27 leaves. Absorption profiles are therefore given for only one of the sets in the various figures.
In agreement with a previous report (6) . the incorporation into an unidentified peak (or shoulder) lying between the 80S and 70S ribosomal peaks was also affected by light. The position of the 70S ribosomal peak was inferred from parallel runs of 70S E. coli ribosomes. It was further confirmed by sucrose gradient centrifugation of a small amount of 62P-labeled maize leaf ribosomes together with unlabeled E. coli ribosomes. The radioactive peaks referred to as chloroplast ribosomes and their larger subunit coincided with the absorption peaks of the bacterial ribosomes and the larger subunit derived from them (69.2S and 48.9S as determined by sedimentation analysis).
Incorporation of 3H-and '4C-uridine into Ribosomes and RNA. In order to confirm results obtained using 22P-phosphate the 3H/'C-uridine double labeling technique described in "Materials and Methods" was used. With this experimental procedure a significant alteration in the ratio of activities of the two isotopes in any particular fraction should reflect changes caused by the treatments given to the leaves. This method has the further advantage that differences due to experimental errors should be considerably reduced and interference by metabolism of microorganisms would be cancelled out.
The effect of a 60-min illumination on the incorporation of labeled uridine into maize leaf ribosomes is shown in Figure  2 . Illumination of leaves provided with 3H-uridine resulted in an increase above the base level of the 'H/'4C ratio in the 70S monosomes and the 50S ribosomal subuLnit as well as in the polysome regions. Again, there was only a small effect on the 80S ribosomes. Also, similar results were obtained after illumination for 30, 90, or 110 min. The same results were obtained regardless of whether leaves which received 3H-or "C uridine were illuminated.
The conclusion that it is the formation of chloroplast rRNA which is primarily affected by relatively short periods of illumination of etiolated maize leaves was supported by experiments like the one described in Figure 3 . Here the effects of illumination for 30 and 120 min on the incorporation of labeled uridine into corn leaf RNAs was again studied using the double labeling technique, but RNA was prepared from a ribosomal precipitate by the phenol method and was analyzed by sucrose density gradient centrifugation. It can be seen that light affects mainly the two rRNA regions. The two smaller cytoplasmic and chloroplast rRNAs could not be clearly resolved from one another (35) , but the 23S chloroplast rRNA appears as a clear shoulder following the front peak in absorption (19, 35) ; the latter is attributable to the heavier cytoplasmic rRNA. The incorporation of radioactivity into the 23S peak as well as the 16S region was stimulated by illumination for 30 min. Incorporation of label into smaller RNAs was also affected; these may be a mixture of tRNAs, 4-5S ribosomal RNAs, mRNAs, and breakdown of products of larger RNA species.
Several workers have reported an increase in the population of polysomes following illumination of etiolated leaves of various species (l1, 32, 37) . Although an effect of light on the polysome region is apparent from the results in Figures 1 and  2 , it was not clear whether this was due to an effect on rRNA Although most of the absorbance at 260 nm in the polysome region was attributable to poly-80S ribosomes, the radioactivity was apparently associated primarily with the poly-70S ribosomes. This was demonstrated by comparing sucrose gradient analyses of ribosome preparations with or without a short exposure to RNase. As shown in Figure 4 , the radioactivity eliminated from the polysome region as a consequence of RNase treatment appeared mainly in 3 regions: (a) with the 70S monosomes; (b) at the top of the gradient (possibly small fragments of various RNAs or released tRNAs); and (c) between the 70S and 80S ribosome peaks. Most of the absorbance but only very little of the radioactivity is in the 80S monosome region.
The data for the 3P experiment given in Figure 5 show even more directly that the bulk of the radioactivity in the polysome region after illumination of etiolated leaves for 90 min is in the rRNAs of the poly-70S ribosomes. In this experiment aliquots of fractions 1 to 35 (the polysome region) of the illuminated preparation shown in Figure 1 were pooled, and the RNA was extracted and centrifuged in a sucrose density gradient together with E. coli RNA used as carrier. The bulk of the radioactivity sedimented with the 23S and 16S rRNAs, although significant amounts of smaller species are also seen. The shoulder on the leading edge of the 23S peak is probably 26S rRNA from 80S ribosomes. 12 ,Ac uridine-2-_4C were administered to 7.3-g samples of leaves from 10-day-old etiolated leaves. Uptake (110 min) in the dark was followed by 45 min in the light or darkness. Ribosomes (plastids and supernatant) were isolated from leaves treated with 3H-uridine combined with those which had received "C-uridine.
Samples were analyzed by sucrose density gradient centrifugation as described in Figure 1 . Two Ag RNase in 0.02 ml TMSp buffer were added to one sample immediately before centrifugation. The observations described in Figures 1, 2 , and 3 were further confirmed by MAK column chromatography of dually labeled RNA prepared by phenol extraction of leaves. The RNA species affected by illumination for up to 2 hr were ribosomal and lower molecular weights RNAs (eluted with 0.30-0.55 M NaCl).
3H/"C-uridine Incorporation during Illumination for 140 Min. When leaves were illuminated for 140 min, the ratio 3H/"C (illuminated/nonilluminated) fell below the nonilluminated/nonilluminated 3H/"C ratio control in the 70S peak region (Fig. 6) . The ratios in the polysome region on the other hand were significantly higher than the control level. These data indicate that after illumination for this period of time a larger proportion of the 70S ribosomes appeared in the polysome region. It appears that sometime between 110 and 140 min after the start of illumination, more messenger is produced or made available for the formation of the 70S polysomes in illuminated leaves.
DURATION OF ILLUMINATION AFFECTS RNA SYNTHESIS DURING A SUBSEQUENT DARK PERIOD
It seemed possible that the uptake of the exogenous RNA precursors by the cells or by the plastids might be more rapid during illumination; incorporation into RNAs might be promoted indirectly in this way. Also, the possible influence of photophosphorylation cannot be disregarded, although such photosynthetic activity would probably be negligible during the first 90 to 120 min of illumination (15) .
These questions were explored by studying the incorporation of radioactive uridines (by the double-label technique) during 90 min in darkness into RNAs of leaves which had been illuminated for 0, 30, 120, or 240 min in the absence of radioactive precursors. In all of the experiments described here previously. the radioactive precursors were supplied and "flushed" into the leaves before illumination was commenced. Intact plants were illuminated for various lengths of time and then placed in solutions of "4C-or 3H-uridine in the dark for 90 min (Fig. 7) . The leaf homogenate was "enriched" for plastids by centrifuging out the plastids at 10OOg for 15 min and resuspending them to only one-third of the original volume of the homogenate before extraction of the RNA with phenol. This was done to reduce masking of effects on plastid constituents by the larger amounts of RNA outside the plastids. Analyses were by chromatography on MAK. As can be seen from Figure 7 , significant changes in the 3H/'4C ratio were conspicuous in samples from leaves preilluminated for 120 to 240 min. The increases in -H/'4C ratio were not restricted to the peaks in absorption at 260 nm or in radioactivity; this would imply that the production of RNA species which are present in relatively small amounts and do not correspond to either ribosomal or transfer RNA were also affected.
The data presented here show that the effects of illumination on incorporation of isotopic precursors into RNA persist after leaves are returned to darkness.
DISCUSSION
A major problem in studying the incorporation of labeled precursors in higher plants is the possibility of artifacts caused by bacterial contamination (e.g., ref. 18 ). We did not take any special steps against contamination besides sterilizing solutions and glassware. In all experiments, incorporation took place in vivo after only a few mm of the lower part of the leaf blade had been in contact with the isotope solution. Although incorporation by bacteria growing oin the leaves if not in them could easily complicate the results, it seems highly unlikely that bacteria played a major role in the effects reported here.
First, the observations on the effect of illumination on RNA metabolism cannot easily be attributed to bacterial contamination, unless it is assumed that there is a specific effect of light on the incorporation of labeled precursors into bacterial RNA. In addition, Triton X-100, which was used in the present experiments to aid in the liberation of ribosomes, is reported to solubilize plastids but not whole leaf cells, nuclei, or bacteria (1, 14, 30, 34) .
The most conspicuous effect of illumination for up to about 2 hr on RNA metabolism in dark-grown maize leaves was to increase incorporation of labeled precursors into rRNA, although some effects on unidentified smaller RNAs were also seen. Incorporation by etiolated leaves in the dark was prefferentially into the 70S plastid ribosomes, and it was also primarily the plastid rRNA whose labeling was stimulated by light. This is evident from experiments using either 'P-phosphate (Fig. 1 ) or labeled uridine (Fig. 2, 3) . As is shown in Figure 7 , the promotive effect of illumination on RNA synthesis persists after the leaves are returned to darkness. A preferential effect of light on incorporation of radioactive precursors into maize plastid RNA has been reported earlier (3) (4) (5) (6) 8) . The increased incorporation of precursors into plastid rRNAs could result from the elevated activity of maize plastid RNA polymerase which has been observed to occur soon after the commencement of illumination of etiolated leaves (4, 5). The increase in activity of the RNA polymerase is blocked by administration of chloramphenicol (6) .
Is all of the light-regulated development of the plastid dependent on the illumination-triggered effect on plastid rRNA? Rifampin blocks the incorporation of 3P-phosphate into plastid rRNAs in greening maize leaves at concentrations which hardly affect chlorophyll production but which inhibit plastid RNA polymerase in vitro (9) . This suggests that the production of chlorophyll does not depend upon massive prior changes in plastid rRNA metabolism. The accelerated synthesis of plastid rRNAs when etiolated leaves are irradiated resembles the enhanced synthesis of ribosomes upon transfer of bacteria from a deficient to a rich medium (23, 26, 27) or the administration of some hormones to plants (21, 39) or animal tissues (36).
The identity of the material which occurs as a peak between the 70S and 80S ribosomes on sucrose gradients (Figs. 1, 2 , 4) requires further study; its presence and its augmentation after treatment of polysome-containing maize leaf extracts with RNase has been reported (6) . It might represent a 70S ribosome associated with mRNA or an aggregate of some subunits of the two types of ribosomes. It has been reported that ribosomes derived from polysomes of chick embryo (40) or E. coli (20) sediment more rapidly than single ribosomes free of messenger RNA. It seems likely that the ribosomes in the "intermediate" peak observed here are derived from chloroplast polysomes and that this may be the basis of a useful method for estimating the fraction of the ribosomes of a given type in polysomes.
The identification of mRNA, and especially changes in total mRNAs, is extraordinarily difficult and should require rigorous proof. The procedures we have used cannot provide this. Instead, we have tried to judge from the region of the ribosomepolysome gradient in which the light/dark treated ratio is especially high, whether nonribosomal RNAs could be involved. The experiments reported here fail to provide evidence for massive light-induced synthesis of informational RNA during the first 2 hr of illumination. On the other hand, light-induced production of nonribosomal RNA found in the polysomal region (informational RNA?) is apparent after longer periods of illumination (Figs. 6, 7) . It is possible, however, that one or a few mRNAs which are responsible for plastid development are made after brief illumination but could not be detected by our methods.
Actinomycin D blocks greening in maize (7) and conspicuous changes in the protein-synthesizing capacity of extracts of dark-grown plants have also been observed but only after illumination for a few hours (25, 40, 41) . However, using double-labeling techniques, Harel and Kaveh (in preparation) have shown that the incorporation of leucine into a number of maize leaf plastid proteins is commenced or altered within 30 to 60 min after the beginning of illumination. Whether DNA-dependent RNA synthesis is needed for the observed effects of light on protein svnthesis during the 1st hr or 2 of greening requires further study.
